Abstract. Postmenopausal osteoporosis is a common systemic skeletal disease that is associated with estrogen-deficiency. Bone loss associated with bisphosphonates therapy can increase the risk of developing oral osteonecrosis. Recent studies have indicated that enoxacin may inhibit osteoclast formation and bone resorption via a different mechanism from that of bisphosphonates. Therefore, the authors hypothesized that the use of an enoxacin such as bis-enoxacin (BE) in association with bisphosphonates may be effective in the treatment of postmenopausal osteoporosis-associated alveolar bone resorption and reduce the risk of oral osteonecrosis by allowing the dose of bisphosphonates to be reduced. A total of 30 6-month-old female Sprague-Dawley rats were randomly assigned to five groups: The Sham, Vehicle, zoledronic acid (ZOL), low concentrations of BE (BE-L) and high concentrations of BE (BE-H) groups. The results demonstrated that the ZOL, BE-L and BE-H groups had an increased bone volume/tissue volume, trabecular thickness, mineral apposition rate, mineralizing surface/bone surface and a decreased trabecular separation when compared with the Vehicle group. The microscopic evaluation of histological sections clearly supported the results of the micro-computed tomography. The number of tartrate-resistant acid phosphatase-positive osteoclasts was markedly decreased in the ZOL, BE-L and BE-H groups, indicating that BE may inhibit osteoclast formation. The anti-resorptive effect in the BE-H group was close to or better than that exhibited by the ZOL group; however, this effect was poorer in the BE-L group. In conclusion, BE has the potential to block alveolar bone resorption resulting from ovariectomy-induced osteoporosis in rats in a dose-dependent manner.
Introduction
Oral health status has become one of the most important determinants of quality of life in elderly people for a variety of physical, social and psychological reasons (1) . Elderly individuals are now increasingly more likely to seek dental treatment, including implant restoration, periodontal and orthodontic treatment (2) . All of these treatments involve the alveolar bone, which is the major tissue supporting the teeth. Osteoporosis is a common systemic skeletal disease associated with aging (3) . The effect of osteoporosis on the alveolar bone and on oral health in general has been the focus of clinical dentistry and of basic research for a number of years. A number of studies have provided evidence that osteoporosis can affect human alveolar bones (4) (5) (6) . For example, osteoporotic women had less mandibular bone mass and density and a thinner cortex at the gonion compared with non-osteoporotic women (5) .
The most destructive effects of alveolar bone resorption result from postmenopausal osteoporosis induced by excessive osteoclast activation (7) . Therefore, it is plausible that anti-resorptive agents could be employed in patients with postmenopausal osteoporosis to prevent alveolar bone resorption (8) . Pharmacological agents for the treatment of osteoporosis may be classified as either antiresorptive or anabolic, and mainly include estrogen, selective estrogen-receptor modulators (SERMs), bisphosphonates, denosumab and teriparatide (9) . Concerns regarding the nonskeletal risks associated with estrogen use, including breast cancer and coronary, cerebrovascular and thrombotic events, have led to recommendations against using estrogen as a first-line therapy for osteoporosis (10) . Raloxifene, a SERM that has been approved by the Food and Drug Administration (FDA) to treat osteoporosis, increases the risk of thromboembolic events (11, 12) . The long-term use of bisphosphonates presents a risk for the development of oral osteonecrosis and atypical femoral fracture (13, 14) . Denosumab inhibits bone resorption by binding to the receptor activator of nuclear factor-κβ ligand, thereby decreasing the differentiation of osteoclasts. The most common side effects of denosumab include urinary and respiratory tract infections, cataracts, constipation, rashes and joint pain (15) . Teriparatide is an anabolic agent that functions primarily by increasing bone formation rather than by decreasing resorption (16) . Ongoing toxicology studies in rats have demonstrated that a longer duration and larger dose of therapy is a risk factor for osteosarcoma (9, 16) . For this reason, the FDA has limited the use of teriparatide to 2 years and use is not permitted in patients with a history of Paget's disease or any type of cancer. Therefore, the authors hypothesized that a novel class of anti-resorptive agents that inhibit osteoclast activation via a mechanism different from that of the currently used bisphosphonates may be beneficial in reducing the occurrence of oral osteonecrosis.
Enoxacin, a fluoroquinolone antibiotic, is widely used to treat patients with bacterial infections. A recent study has indicated that enoxacin can inhibit osteoclast formation and bone resorption by blocking the interactions between the V-ATPase B2-subunit or V-ATPase a3-subunit and microfilaments in osteoclasts (17) . Enoxacin has a stronger affinity for bone than bisphosphonates, and inhibits bone resorption via a mechanism different from that of bisphosphonates. Therefore, it is possible that a combination of bisphosphonates and enoxacin in the form of bis-enoxacin (BE) could be used to treat alveolar bone resorption in postmenopausal osteoporosis. The use of BE is advantageous as it reduces the risk of oral osteonecrosis with bisphosphonates and dysbacteriosis with enoxacin.
BE is a bisphosphonate derivative of enoxacin. Enoxacin is widely used to treat patients with chronic infections associated with osteomyelitis. However, enoxacin has a weaker ability to bind to, concentrate in, and/or be retained by infected bone, a site often difficult to treat clinically. Therefore, in 2002, Herczegh et al (18) synthesized a novel antibacterial drug, BE, by conjugating bone-binding bisphosphonate groups to enoxacin. However, whether BE is able to prevent osteoporosis in vivo has yet to be elucidated. Based on this research, our group proposed the hypothesis that BE is able to prevent osteoporosis in vivo via the anti-bone resorptive property of bisphosphonates and enoxacin. Hence, the aim of the present study was to investigate the effect of BE on the maxillary alveolar bone in a rat model of osteoporosis. The rats were randomly divided into 5 groups of 6 rats each: Group 1, Sham saline control (Sham); group 2, ovariectomized (OVX) group (Vehicle); group 3, OVX rats treated with 50 µg/kg/day zoledronic acid (ZOL); group 4, OVX rats treated with 50 µg/kg/day BE (BE-L; low concentration group); group 5, OVX rats treated with 100 µg/kg/day BE (BE-H; high concentration group).
Materials and methods

Animals
The rats were either sham operated or bilaterally OVX through a vertical dorsal incision. In the OVX groups (groups 2-5), the bilateral ovaries were ligated and ablated under aseptic conditions. The remaining rats in the Sham group were subjected to sham operations in which the ovaries were not removed. At 8 weeks following the ovariectomy or Sham surgery, rats in the Sham and Vehicle groups were injected intraperitoneally with vehicle (0.9% saline) and used as controls. Rats in the ZOL group were treated with 50 µg/kg/day ZOL (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and those in BE-L and BE-H groups received 50 and 100 µg/kg/day BE (SynQuest Laboratories, Inc., Alachua, FL, USA), respectively. All treatments were performed on alternate days over a period of 8 weeks (Table I) . At 16 weeks post-surgery, all rats were sacrificed by exsanguination under 10% chloral hydrate anesthesia and both sides of the maxillae were removed from each rat. The surgical procedures were performed according to FDA guidelines (19) . All rats were housed under the conditions stated above for 16 weeks and body weight was measured once a month during the course of the study.
A polychrome sequential fluorescent bone labeling method was performed to label the mineralized tissue and to assess the time course of new bone mineral apposition rate (MAR) and mineralizing surface/bone surface (MS/BS) of the maxilla alveolar bone. Following the initiation of BE, ZOL or vehicle treatment, rats were injected intraperitoneally with 10 µg/kg calcein (Sigma-Aldrich; Merck KGaA) on day 20 and 20 µg/kg alizarin red (Sigma-Aldrich; Merck KGaA) on day 40.
Micro-computed tomography (CT) scanning and assessment of the alveolar bone.
The two sides of the maxillae were scanned using a high-resolution micro-CT scanner (µCT80; Scanco Medical, Brüttisellen, Switzerland). The scanning protocol was set using an isometric resolution of 20 µm, and X-ray energy settings of 70 kV and 1,170 mA. Scans were reconstructed to generate three-dimensional digitized models, and microstructure parameters of bone volume/tissue volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp) were calculated in a three-dimensional region of interest (ROI) using a calculated Hounsfield Unit grayscale threshold value. The ROI was a cuboidal bone body that encompassed the roots of M1 and M2. The length of the ROI extended from the most mesial aspect of the M1 root to the most distal aspect of the M2 root. The width of the ROI extended from the most buccal aspect of either root of the two molars to the most palatal aspect of either root.
The height of the ROI extended from the most apical aspect of either root to the most coronal part of the alveolar bone crest. The ROI was generated as an indicator of the border of the volumetric analysis. The 3D reconstructed images were processed to 2D parasagittal images, with a single investigator drawing the outline of the desired alveolar bone region in order to maximize the quantification of bone and minimize the inclusion of roots.
Bone histology. Following the completion of micro-CT scanning, decalcified sections were prepared from the left maxilla specimens and undecalcified sections were prepared from the right maxilla specimens.
The left maxillae specimens were decalcified with 10% ethylenediaminetetraacetic acid disodium salt for ~2 months and then embedded in paraffin. Sections were prepared from the occlusal surface of the tooth crown to the alveolar bone mesiodistally along a plane parallel to the long axis of the tooth, and then cut into 5-µm thick serial sagittal sections. Half of these sections were stained with hematoxylin (200 µg/l) and eosin (500 µg/l; H&E; Sigma-Aldrich; Merck KGaA) at 37˚C for 2 h for descriptive analysis. The remaining sections were stained with tartrate-resistant acid phosphatase (7%; TRAP; Sigma-Aldrich; Merck KGaA) at 37˚C for 2 h to identify osteoclasts on the bone surface. Trabecular bone volume fractions (expressed as the percentage of BV/TV) in H&E-stained sections were analyzed by Image-Pro Plus software (version 6.0; Media Cybernetics, Inc., Rockville, MD, USA) using an IX71 inverted microscope (Olympus Corporation, Tokyo, Japan). The average number of TRAP-positive multinucleated osteoclasts per mm 2 was counted by randomly selecting 5 regions of each section.
The right maxilla specimens were processed and embedded without decalcification in methyl methacrylate (35g/l; MMA; M55909; Sigma-Aldrich; Merck KGaA) at 37˚C for 1 month. A confocal laser-scanning microscope (Leica TCS SP5; Leica Microsystems GmbH, Wetzlar, Germany) was used to examine the fluorescence labeling of the undecalcified sections (~20 µm. The excitation/emission wavelengths used for fluorescence were 488/517 nm (calzein) and 543/617 nm (alizarin red). Three section slides from each specimen were selected for histomorphometric analysis. Trabecular bone dynamic parameters were measured in a 1-mm 2 square area positioned at the inter-radicular region of M1 at magnification, x200, using calcein and alizarin red as labels. The dynamic parameters included single-label perimeter (sL.Pm), double-label perimeter (dL.Pm), trabecular bone perimeter (Tb.Pm) and interlabel width (Ir.L.Wi). The mean Ir.L.Wi, was obtained dynamically by averaging the distances between points randomly selected from 5 intervals. MAR (The mean Ir.L.Wi/interval period, µm/day) was measured using BioQuant OSTEO II software (version 8.00.20; BioQuant Image Analysis Corporation, Nashville, TN, USA). The mineralizing surface [MS/BS=(dL.Pm + sL.Pm/2)/Tb.Pm x 100%] was analyzed using Image-Pro Plus software (version 6.0; Media Cybernetics, Inc.). The sections were then stained with van Gieson's picro fuchsin (Sigma-Aldrich; Merck KGaA) at 37˚C for 4 h for histological observation.
Statistical analysis.
Results are expressed as the mean ± standard deviation. One-way analysis of variance followed by the Bonferroni post hoc test was used to measure statistically significant differences among groups. SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA) was used for all analyses. P<0.05 was considered to indicate a statistically significant difference.
Results
Body weight. Monthly records of body weight are shown in Fig. 1 . The rats in each group had a similar initial mean body When compared with the Sham group at the same time points, these differences were all significant (all P<0.01). The trend in body weight among the ZOL or BE administration groups (groups 3-5) and the Vehicle group was similar throughout the course of the experiment and the differences between them were not statistically significant.
Micro-CT analysis of alveolar bone microarchitecture.
The three-dimensional images provided a clear view of the microarchitecture of the inter-radicular alveolar bone in rats. Statistical analysis of the microarchitectural parameters demonstrated that the BV/TV and Tb.Th were significantly reduced, whereas Tb.Sp was significantly increased, in the Vehicle group when compared with the Sham group (P<0.01; Fig. 2B , C and E). Notably, no significant difference in Tb.N was identified between the groups (P>0.05; Fig. 2D ). The trabecular and cortical thicknesses were greater in the Sham group than in the Vehicle group. Taken together, these results indicate that there was a loss of bone and deterioration of the trabeculae of the alveolar bone in the OVX rats. The ZOL, BE-L and BE-H groups had an increased BV/TV and Tb.Th, and a decreased Tb.Sp, when compared with the Vehicle group (P<0.05; Fig. 2B , C and E). There was a statistically significant difference between the BE-L and BE-H groups in BV/TV (P<0.01; Fig. 2B ) and Tb.Sp (P<0.05; Fig. 2E ). The BE-H group had a significantly lower Tb.Sp value compared with the ZOL group (P<0.05; Fig. 2E ).
Histomorphometric and histological analysis of the alveolar bone.
Analysis of the van Gieson-stained sections and H&E-stained sections from the maxilla revealed that the trabecular bone was affected by the ovariectomy operation, with the Sham group having an increased bone marrow volume when compared with the Vehicle group (Fig. 3A) . The alveolar bone from the Sham group had a thicker interconnected trabecula and in the Vehicle group the alveolar bone exhibited lower connectivity and a thinner trabecular; however, it did exhibit an abundance of bone marrow (Fig. 3A) . The amount of bone tissue was higher in all of the ZOL and BE administration groups when compared with the Vehicle group, indicating a potential protective effect of BE administration in the preservation of alveolar bone (Fig. 3A) .
In the H&E-stained sections, analysis of the trabecular bone fraction (percentage of BV/TV) revealed a higher value for the Sham group when compared with the Vehicle group (~15%; Fig. 3B ). The trabecular bone area increased in the ZOL, BE-L and BE-H groups when compared with the Vehicle group (~12, 8 and 14%, respectively; Fig. 3B ). The microscopic evaluation of the histological sections clearly supported the results of the micro-CT. Osteoclasts were defined as multinuclear cells that were stained wine-red by TRAP staining (Fig. 3A) . In alveolar bone, osteoclasts were observed lining the bone surface of the marrow space or in the periodontal ligament. While the osteoclasts were densely clustered in the Vehicle group, a significant decrease was observed in the ZOL and BE administration groups when compared with the Sham group, where only sporadic osteoclasts were visible (Fig. 3A) . The number of TRAP-positive osteoclasts were significantly decreased in the ZOL, BE-L and BE-H groups when compared with the Vehicle group (~30, 13 and 31%, respectively), suggesting that BE may inhibit osteoclast formation (P<0.05 and P<0.01; Fig. 3C ).
Fluorochrome microscopy. The deposition of mineralized bone matrix was observed, which was demonstrated by calcein (green) and alizarin red S (red) staining. The distance between the labels decreased notably in the Vehicle group compared with the other four groups (Fig. 4A) . The Vehicle group exhibited a significantly lower MAR and MS/BS when compared with the Sham group (~38 and 55%, respectively; Fig. 4B and C) . A significantly increased MAR and MS/BS were observed in the ZOL, BE-L and BE-H groups when compared with the Vehicle group (~101, 52 and 131%, and 355, 124 and 382%, increases, respectively; Fig. 4B and C) .
Discussion
Ovarian hormone deficiency leads to postmenopausal osteoporosis as a result of increased bone turnover and a rapid loss of cancellous bone (20, 21) . However, the rate and magnitude of such changes vary markedly between different skeletal sites (22, 23) . Alveolar bone is an irregular protuberance of the jawbone that encompasses the roots of the teeth. Although alveolar bone forms a relatively small part of the bone system, it serves the most important role in supporting the teeth, and its anatomic study is therefore important for therapies including implant restoration, periodontal, endodontic, orthodontic and maxillofacial treatments (24) . As a consequence, research into the connection between postmenopausal osteoporosis and alveolar bone is receiving an increasing amount of attention. A previous study examined the effects of osteoporosis on periodontal disease, subsequent tooth loss and on the capacity of the maxilla and mandible to integrate endosseous dental implants (25) . In orthodontics, consolidation therapy in estrogen-deficient patients usually takes longer, and relapse and therapeutic failures are more common (26) . Osteoporosis in the jaw may present a risk for accentuation of alveolar bone loss in patients with full dentures (27) . Taken together, these findings suggest that postmenopausal osteoporosis may have a substantial effect on alveolar bone. Thus, identifying therapeutic agents to alleviate osteoporosis in alveolar bone would have significant clinical value. To investigate this, the present study established an OVX rat model; such models have been widely used to study postmenopausal osteoporosis in humans and have helped to reveal the underlying mechanisms. The primary purpose of the present study was to characterize the alveolar bone changes in the maxilla of OVX rats by simultaneously assessing micro-CT and histomorphometry. The micro-CT results revealed a significant decrease in the BV/TV, and a significant increase in the Tb.Th and Tb.Sp, parameters in the Vehicle group when compared with the Sham group. No significant differences between the groups were observed in the microarchitecture parameter of Tb.N (P>0.05). This suggests that ovariectomy may not affect the density of the trabecular bone. The microscopic evaluation of histological sections using H&E and van Gieson's staining clearly supported the findings obtained by micro-CT. In the present study, animal body weights in OVX rats (including the Vehicle, ZOL, BE-L and BE-H groups) were notably different at the first observation time point of 4 weeks. A rapid increase in body weight was observed in OVX rats when compared with those in the Sham group at every point following surgery ( ** P<0.01). Ovariectomy is associated with a disorder in fat metabolism that is induced by estrogen deficiency, resulting in an increase in body fat rather than lean body mass, which is in line with previous reports (19, 28) .
In 2002, Herczegh et al (18) synthesized a novel antibacterial drug, BE, by conjugating bone-binding bisphosphonate to enoxacin. BE has been demonstrated to have the ability to bind to bone and to inhibit the growth of bacteria, and may offer additional treatment options for highly concentrated targeting of an antibacterial to the site of a pathogen (18) . A recent study (29) has identified other unexpected properties of enoxacin. Enoxacin has been shown to inhibit osteoclast formation and function by interfering with the interactions between the V-ATPase B2 subunit or V-ATPase a3 subunit and microfilaments. Based on previous studies, it was hypothesized that BE may prevent osteoporosis disease in vivo via the combined anti-bone resorptive properties of bisphosphonates and enoxacin (18, 29) . As the long-term use of bisphosphonates may present a certain degree of risk for the development of oral osteonecrosis, the authors of the present study speculated that BE may be beneficial in reducing the occurrence of oral osteonecrosis through enoxacin replacement therapy by allowing for a reduction in the dose of bisphosphonates.
To the best of our knowledge, the present study has confirmed for the first time that BE has the potential to restore maxilla alveolar bone mass induced by OVX, and has further demonstrated its role in inhibiting osteoclasts in vivo, suggesting that its use may have potential therapeutic benefits for the treatment of patients with alveolar bone osteoporosis. This conclusion is in agreement with the results of two previous studies, which demonstrated that BE administration had a protective effect on alveolar bone for orthodontics and the treatment of periodontitis (30, 31) . In the present study, micro-CT measurement demonstrated that the ZOL and BE administration groups exhibited an increased BV/TV, an increased Tb.Th and a decreased Tb.Sp when compared with the Vehicle group. Consistent with these results, histological observation of the region between M1 and M2 in the maxilla alveolar bone demonstrated that ovariectomy induced trabecular bone destruction; however, ZOL and BE administration alleviated this process. In addition, analysis of the TRAP-stained paraffin sections and the line distance data from fluorochrome labeling demonstrated that ZOL and BE administration was protective against the deterioration of trabecular bone induced by excessive osteoclast production, and also accelerated the rate of alveolar bone formation. BE exhibited dose-dependent bone-resorption inhibiting effects. Specifically, the anti-resorptive effect in the BE-H group was close to, or better than, that of the ZOL group, while the effect was poorer in the BE-L group. It is possible that the unique anti-resorptive mechanism of BE made it particularly useful in blocking the alveolar bone resorption triggered by osteoporosis in the present study (30) .
In conclusion, BE, a bisphosphonate derivative of enoxacin, inhibits osteoclast formation and bone resorption in a manner that resembles the novel mechanism by which enoxacin functions (30) . Notably, the present study demonstrated that BE inhibits maxilla osteoporosis, a process that is dependent on osteoclast activity in vivo. However, the conclusions of the present study on BE are confined to oral medicine, and so whether it will improve local or systemic bone osteoporotic changes has yet to be elucidated. The present study proposes that BE has the ability to reduce alveolar bone resorption following periodontal infection and osteoporosis induced by ovariectomy, as well as reducing orthodontic tooth movement, which makes it a promising candidate for clinical use (30, 31) .
